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REACTIONS OF MODULATED MOLECULAR BEAMS WITH PYROLYTIC
- GRAPHITE. = III HYDROGEN =

M. Balooch and D. R. Olander
Inorganic Materials Research Division of the Lawrence Berkeley

Laboratory and the Department of Nuclear Engineering, University
of California, Berkeley, CA 94720

'ABSTRACT

The reaction of hydrogeh andvpyrolytic graphite was
studied by modulated molecular beam-mass spectrometric methods.
Because molecular hydrogen does not react'with‘graphite (within.
the_deteCtion limits ofvthe teéhniqge), an atomic hydrdgén
reactant beam was generated by thermal dissociation of H, in an
~effusion oven. At temperatures up to 800°K, methahe was the sole
product. Acetylene was observed at temperatures above 1000°K..
Between‘SOO and 1000°K, no carbon gasification_occured; the surface
actédonly to recombine H atoms fo'form HZ' The data were analyzed
in terms of a model in which methane is formed by sequential
addition of H atoms to CHn (n = 0,1,2;3) and acetylene is formed
by surface combination of two CH.groups. The agreement_bétween
the model and the molecular beam data is very good. The model
also_prédicts previous high pféssure (1 atm,Hz) carbon gasification

rates determined in conventional kinetic experiments.



I. . INTRODUCTION

- Over one hundred years have elapsed sirnce Bertholet (1)

| first investigated the thermodynamics of the carbon-hydrogen

system, and four decades have passed since Barrer's classic

‘kinetic study of this'systemfappeared(2’3’4); The voluminous

" literature on this subject since these early investigations has

been reviewed in a separate document(s), Recéntly, the graphite-
hydrogen reaction has éssumed an important ro1é in several energy
production technologiés, in particular production of inexpénsivev
heating-gas.by coal gasification, and gréphite cofrbsion in the
high temperature gas cooled reactor and of first wall liners in
the controlled thermonuclear reactof/ 

All previous studies of the carbon-hydrogen reaction have
been of the cohventional'chémical kinetic type. ‘Hydrogén gas
at pressures rangihg from a few torr to tens of.atmospheres is
passed over a sample of carbon held at temﬁeraturés between 600
and 2600°C. 'Usually‘thevsole measure of the reaction rate is_
samplé weight loss, élthough occasionally the quénched_gases
are analyzed for methane, acetylene and higher hydrocarbons..
The specimens are'in ihé'fofm of tubes, bulk shapes, fine
filaments; or powders. in a packed bed. The types
of carbon range from amorphbus to graphific; Even among the

'graphites, the reaction kinetics are quite sensitive to the

. purity and degree of crystallinity of the sample. It is not

surprising that the apparent reaction rate constant obtained from
these data and the equation: | '

(1)

te = k___
‘rate “ appsz
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where pHZ is theAhydrogen pressure, differ by as much as five
orders of magnitude at the same temperature.i There is no
established mechanism of the reaction. | |

In the present investigation, the reactioh specimens are
high-temperature annealed pyfolytic graphite in either the basal
or prism plane orientations. Theamolecular beam-mass spectrometric.
technique utilized-the graphite oxidation studies described in
Parts I and II of‘fhe series(6’7) are employed in the hydrogen
investigation. Contrary to oxygen, the molecular form of hydrogen
is very unreactive towards graphite. The inertness of H2 is due
to the very low probability of dissociative adserption of the
diatomic moletule‘qn graphite surfaces. To render the reaction
'detectable in the moleculér beam system, atomic hydrogen 1is used '
as the reactant gas. Thermal dissoeiation of\H2 prier to striking
the graphite target greatly increases the stiekiﬁg probabiiity“
but does not influence the course of the subsequent surface

reactions which'ultimately lead to gaseous hydrocarbon products.

II. EXPERIMENTAL APPARATUS

A. General |
The general features of the'apparatue‘(Fig. 1), and of the
species detection, signai processing and data analysis methods
have been described in detail elsewhere(s). A mixture of atomic
and molecular hydrogen effusing from a hot oven source is chopped
by a rotating disk and collimated into a collision-free beam
which is ~3mm diameter as it strikes the graphite target. Reflected

H and Hz and any reaction products emitted from the target
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~orientation.

are sampléd by.another collimator-separating]the'target chamber
and the chamber housing the.mass spectrometer. The mass spectro-v
meter outpht signal is fed into a lock7in amblifier-where it is
combined with a reference'signai'derived from the chopper motor.
Each experimental point conéiéfs of the amplitude and phase angle
of a selected reaction product”aﬁdv6f atomic hydrogen. The ratio
of the-signal amplitude of the reaction prodqu‘to fhat of the
refiected hydrogen is denoted as the apparent reéction probability.
The phase difference between the réattionrproduct and reflected
H atom signals is éalled the reaction phase-lag.. These two
experimental quantifies are corrected for various parasitic
effects(s)‘and the ratio of.the,ipnization cross section of ‘the

reaction product to that of atomic hydrogen before comparison with

theory. Apparent reaction proabilities and reaction phase lags

are measured as functions of the modulation frequency; the

“target temperature, and the atomic hydrogen beam. intensity.

The pyrolytic graphite wafers with prism or basal planes
parallel to the reacting'sufface were obtained from the Union

Carbide Company. The specimens had been annealed at 3000°C for

several hours (by. the manufacturer) to increase the crystallinity

and the density (the latter is 99.5% of the.theoreticalvvalue in

our samples). 7the specimens are thinned to pfescribed size (1mm

or 25um thick) and mechanically polished prior to insertion in

‘the vacuum system. The sample is baked at n500°K for 1 day and

annealed at 1500°K for a few hours before each experimént. All

déta were collected on a single sample of each-érystallographic

-3~



B. . Atomic Beam Source

The‘reaCtion probability of molecular hydrbgen with
pyrolytic graphite is well below the sensitivity limit.of our
apparatus (minimum detectable reaction probability A107°).
Consequently, we-cbnstructed a high-temperature'furnace for
producing a beam of atomic hydrogen (see Fig; 2).. A fungsten
tube, closed at one end;'wésffabricated by-chemical vapor
deposition. The outer diameter of the tube is 0.37cm, the wail
is 0.25mm thickvand-fhellength_is“7cm;' A 1mm diametér orifice
is Spark-cut-intbithe wall'at'abbut~the midplane; The open end
of the tube is press-fit into a wétér Cooled.éopﬁer'block into
which a,coppér tube for gas supply is brazed. The.tube is heated
resistively by current passing through six tungéteh leads (0.76mm
diameter) which are wound around aﬁd spring-loaded to‘the‘bottom.
of the’tungsten_tube.'.ln this way, no sighiffcant-bending ﬁoment
| is applied to the tungéten tube, which is essentially free-hanging.
When heatéd, the tube expénds axially by sliding down thrdugh the
spiral of tungsten wire leads. The electrical resistance of the.
tube is higher than‘thaf of the leads, so fhat the maximum
"temperature:occurs near thertube.midpléne_where”the orifice is
located, The temperature is measured by sighting_an opticél
pyrometer directly into_fhe'effusion hole. The temperature 1is
'thte uniform along most of the tube length.. The maximum usable
temperature is ~2500°K, which is achieved with 150 amps’of current
‘and 0.75kW of power. Heaf loss is minimized by cylindrical
radiation shields around the tungsten tube. To prevent overheating
of the chopper motor’by the oven assembly, the choppef disk is
~gold-plated for‘high reflectivity. | |
4
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:hydrogen beam striking.the target is ~8.5x10
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The partial pressure of atomic hydrogen in the oven as a
function of total hydrogen pressure (measured in the inlet gas

supply) and temperature can easily be calculated if thermodynamic

equilibrium is assumed. By measuring total hydrogen preesure'

in the source and the mass spectrometer‘signals for reflected H
and H2 (correcting for ionization cross section ratios), the
partial pressure of atomic hydrogeh in the oven can be determined
experimentally. This determination does nof require absolute
calibration of tﬂe mass-spectrometer'for H or HZ;. Comparison of
the experimentélvperformance of the oven with.equilibrium theory
is shown in Fig. 3 for a temperature of 2500°K. The good accord
suggests'that thermo&ynamic equilibrium prevails in the oven.
Knowing the partial pressures, the fluxes of'atemic and molecular
hydrogen from the orifice_énd the beam intensity at the target
can be computed from simple kinetic theory. |

The strength of the atomic hydrogen beam which can be

produced by the oven is limited by the ability of the diffusion

pump on the source chamber to handle the gas load. This limit is

reached when the feed hydrogen pfessure to the source tube is

~6 torr. At this pressure and 2500°K, the partial pressure of

-atomic hydrogen'is n1.5 torr and the intensity of the atomic

16 atoms/cmz-sec.

This fluk is equivalent to én_isotrOpic atomic hydrogen gas at a
pressure of 5x10'4 torr and 2500°K. The molecular hydrogen

contaminant in the beam has no effect on the surface reactions;

“it simply scatters from the surface as would a rare gas.

-5-
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III. RESULTS

A. Surface Morphology

',Figure 4 shows seanning electron micregraphs of basal and
prism plane specimens‘used in this investigation. The two top N
micrographs showethe surface structures after polishing. The
bottom-photegraphs show the condition of the targets after the
expérimehts. Contrary to the case of oxygen attack(6),~the
basal plane surface‘(Fig.'4c)'is little affected'by reaction with
atomic hydrogen, which produces a uniform recessibn; The structure
of the retired prism plane (Fig.-4d) is characterizedvby ertehsive
ridging parallel to the basal planes. A similar type of structure
was observed on samples which had been reacted with oxygen(7).
However, we have ascertained that the ridges are not caused by .
reaction of hydrogen. Similar morphology is foun& on regions of
the surface which had been heated but which were not illuminated

by the prlmary hydrogen beam. It appears that heat treatment,

not. chem1ca1 reaction, is responsible for the rldged structure.

B. ~ Nature and Temperature Depenedehce of the Reaction Products

Onlr two reaction prodacts, both stable hYdrocarbons, were -
observed over a temperature range from 400 to 2200°K. The
apparent reaction probabilities for methane (eCH4)‘and aeetylene
'(eCZHZ) are shown in Flg 5 as functions of graphite temperature
(T). In this series of experiments, the beam intensity'was
8x1016 H atoms/cmz-sec and the modulatlon frequency was 20Hz. The

temperature of the H atom beam in- all experlments reported in this

paper was 2500° K.
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In detectlng methane, the 1ons CH4, CH;, CH;, and CH+‘were

observed; However, all of these ion 51gnals'exhibited the-same
temperature dependence and phase lag, and it was concluded that

all arose frem CH4, the last three being fragmentsvfrOm
dissociative ionization in theAhass’epettrometer.' For convenience,
the methane data were actually determined by'measdrement of the

; signal, which was found to behfreer Ofbndise than the'CHZ_peak.

CH
All methane reaction probabilities'repdfted»here.were corrected
for the observed eracking pattern.w |

- The most striking'features of the data shown in Fig.'S-are
the small numher of preducts and the clean separation of methane
and acetylene with temperature.~ Below 800°K, methane is the only
detectahle reaction product. gThe:hethane signals increased with"
| decreasing temperature and appeared to be approaching a plateau
at-lewvtempefatdres. Methane was observed as a bona fide reaction
product at the lowest'temperature attainable in.this_apparatus,
which 1s somewhat greater than 400°K (even with the target heater
off the sample was heated by the hydrogen oven in the source
chamber).~ This '"room temperature' reaction was ohsefved in the
oXYgen-graphite reaction(7).. The'methane data in Fig) 5 are_in
. very good agreement, beth in magnitude ahd in temperatufe depen-
dence, with the data obtained by Rosner and'AIlendorf(g) ih their
.study of the kinetics of discharge;produced atomic hydrogen with
isotropic.graphite, B |

~Above 1000°K, only'acetylene Waseobserved and'its production
rate increased rapldly with temperature up to the maX1mum attainable

(2200° K). Between 800 K and 1000° K no ga51f1ed carbon products

were deteeted. In thls region, the graphite surface simply acts
-7-



as a catalyst~toirecombine'ad50rbed H atoms tovferm HZ’ We
could'nbt.detect'this product above the strong signal due to
undisseciatedeZ reflected from the primary beam. |
The results shown in Fig. 5 indicate that,‘as_expected,

the priSm plane of graphite is more reactiye than the basal
plane'

| At the same. time that the reaction probability measurements
shown in Fig. 5 were obtained, thejreactlon prqduct phase lags
for methane and acetylene (¢CH4'andi¢C2H2)-were alsolrecdrded.
These data are shown in Fig; 6. The most intereétingvfeature'of
these results is the difference in the_variation of ¢CH4 with
temperature for the different surface orientations. - The ab111ty
to predlct this fine structure is a good test- of any surface

mechanism applied to this system.

C. Frequency Dependence

Figures.7 and 8 show the variation of the phase.leg and
apparent reaction probability for methane with frequency at a
fixed beam'intensity and surface tenperatures in the neighborhood
of 500°K. Note the inversion of the magnltudes of ¢CH4 and ECH4
w1th respect to surface orlentatlon, the prlsm Plane exhlblts
larger reactlon probab111t1es ‘than the basal plane but the phase
lag is larger for methane produced from the basal plane‘than from
the prism plane. Similar frequency data for acetylene reaction
product are shown in Figs. 9 and 10. - The phase;frequency data in

Figs. 7 and 9 suggest that processes other than purely surface

-8~




reactions are involved in the mechanism. In parficular, the very
slow changé-in phase lag with frequéncy and the inability to
attain'close.to zero phase 1ag-at high temperature and low -
modulation frequency suggestbthat'bulk-sdlution-diffusipn is

important in the graphite-hydrogen reaction.

D.  The Effect of Beam Intensity

' The variations of ¢ and ¢'with_beam intensity'wefe determined
for the methane prdducf'at low.tempefature.(Figs;_11'and 12) and
fbr'acetylene at high temperaﬁure (Figs{ 13 and 14)Q “Sinée for
a linear reaction ﬁechanism, phése lag and reaction probability"
are,ihdependent of beam.intensity, it is clearvthatvthe surface.
mechanism requnsible fbr'the @roductiohlof'both products 1is

nonlineér. Figures 12 ‘and 14 indicate that the reaction order

_ is_greager-than.unity~for-both reaction products.

‘E. . Effect of Target Thickness

Up until this point, the results have been reported fbr
targets 1lmm thick, To ascertain the effect (if any) of targét
thickness, which{migﬁt affect bulk diffusional component of the
reacfion meghanism, weépolished one bf thevﬁasai plane specimeﬁs ~
tb.é_thickness of 25um. 'Figures 15 and I6bcompére the reaction
probabilitieg and phase 1ags'6nbthe thick and thin targets. For
the two targets studied there i$ no discernible effect of target

thickness on the reaction pfoduct characteristics.

.._9_



F. Hysteresis

‘The hysteresis effect observed in thejgaflier oxygeanraphite
study(6)‘was also found in the present reaclion, The methane
vréaction probability follows the upper curve in Fig. 17 as the
temperatgreié increased-from 400°K.to the'temperaturé at which
the signél is-indistinguisﬁable.from the noise (800°K). _if the
target(temperature-is decreased-from fhis_point,-the reaction
probability retraces the'upper‘curves.» However, if the‘target
temperature is‘raised”té ~2000°K instead of stbpping at 800°K,
the lower curve.in Fig. 17 (open circies) is followed. The
hysteresis loop is more easily closed ét its high.température
end in the Casebof hydrogen attack than fbr,oxidation(ﬁ).
Throughout the present study, we tried'to'avoid the hysteresis
effect by high temperature ahnealing before each experiment,

- which shouldnplacethe-déta consisténtly on the 1ower‘cufve of

Fig( 17 (or its analog for other types of_experiments)}

IV. . SURFACE REACTION MODEL

A. Generai Feétures |

As iﬁdicated in ref. (8), the method of‘déduéing a meéhanism
to explain the observed variation of ¢ and'é.for each reaction
product with target temperature (Ts), beém.ihtensity (Ib) and
modulation frequency (w) involves assuming a model, analyzing the.
"model for the pfédicted e and ¢ and compéring the(bredictions
with the data. The best model is the one which fits all of the
data with equal'accurécy. To reduce the number>of iterations
of this procéss,»ﬁhe following qualitative.features of the data

-10-
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suggest important ingredients of the mechanism:

1.

The clear separation in temperature between regimes of A
methane production, recombination,‘and acetylene nroduction
(Fig. 5).imn1ies that the activation energies for the
elementary steps involved must be smallest for methane
prodﬁction, intermediate.fof’recombination, and largest

for acetylene productlon |

The: fact that the beam intensity affects € ‘and ¢ (Flgs 11-
14) 1mmed1ate1y requ1res a nonllnear mechanlsm for both
hydrocarbon products. Moreover, the elementary steps for
both products must be comblned in a way. Wthh produces an
overall reaction order greater than unlty

The sluggish response»of the phase lag as the modulation
frequency is changed (Figs. 7 and 9)vsuggest that bulk

diffusion (probably of hydrogen, which is common to both

-YCH4 and C2H4 production) is an important step in the reaction

model at all temperatures. In addition, the fact that

 target thickness does not influence the acetylene results

(Figs. 15 and 16) indicates that the target may be modeled
as a semi-infinite medium in the diffusional part of the
theory. |

The following mechanism reflects the genefal features of

the data described above. The Hz component of the primary

reactant beam is totally reflected from the surface. Some of the

hydrogen atoms in the beam adsorb with a sticking probebility n.

The adsorbed H can disSolve.and diffuse into and out of the bulk

‘'solid.

There are three routes by which adsorbed H atoms are

-11-



returned to. the vacuum:
(aj By a series of elementary steps_culminating in CH4
production. These -steps are postulated to consist of sequential
additions of adsorbe&‘H atoms to CHn (n=0,1,2,3) surface épecies.
This branch’is_aCtive‘at low temperatures.
(b) ~ By dirécp recombination of adsorbed H atoms to'for@ H,
which immediately'leaVes1the surface.
(c) ‘By reactibn betWeen-two'CH'radicals'on the surface to form
'acetylené. This branEh becomes,important only'ét temperathrés
above 100P°K. |

The mechanism is shown in detail in Fig. 1. Some character-

istics of its eleméntary steps are described below: .

Sticking of afomicvhydrogen:' The sticking.probability is asSum¢d
to be temperature independent.i Because the methane branch reméves
adsorbed hydrogeﬁ from the surface even at low tempefatures, thg
concentration of adsorbed hydrogen is presumed to remaih-low :
enough' so that coferage dependence. of the stickihg~process is
negligible. This assumption can be verified after the.parameters
of’fhe model have been fitted to the data and absolute magnitudes
of»the cohcentfation of. adsorbed hydrogen are-caltulated from

the model. | |

Bulk solution and diffusion: The most likely species to dissolve

and diffuse in bulk graphite is atomic hydrogen. Becauée of the
small size of this species, diffusion is assumed to occur in the
graphite lattice. The assistance of grain boundary diffusion (as
' ' (7)

was found to be necessary in the oxygen-graphite reaction"’'’) need

-12-
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- not be invoked to explain thevhydrogen—graphite reaction. Simple

lattice diffusion of H in gréphife with a diffusion coefficient
dehotéd'by_D is suffiéiéﬁt.fOrvthe presenf'analysis. Equilibrium
between the adsbrbed hydrogen1and the'hydrogen'di5501Ved in the
soiid just beneéth_the surface is'also assumed. There‘is no way
of Verifying_this last assumption, but if it wefe not made, many
more kinetic constants would -appear in'the anaiysis and requife
fitting to the data.

Surface recombination: The H atoms on the surface are assumed to

be mobile at all surface temperatures, and collisions between them

can lead to formation and escapeiof Hzl

Surface equilibria: The reaction of'adsorbed hydrogen with a -

surface carbon atom to form CH is assumed to be in equilibrium

(equilibrium constant'Kl) as is the next H atom addition step to

fdrmCH2 (equilibrium constant KZ). Allowing partial reversibility
of these two steps would introduce more kinetic constants into the

anaiysis than can be accurately determined from the data.

Methane production: The slow step ih:the methane branch is
assumed to be the addition of an adsorbed H atom to CH2 on the
surface. Assignment of this slow step is necessary to properly -
match the reactioﬁ order data.v The final addition of-an'H'étom'”
to the surface methyl radicéi'to fofm methare is assumed to be fast.

Aceﬁylenegproducﬁionﬁ At high'temperatures,'fhe surface CH species’

is assumed to become sufficiently mobile to permit collisions

between migrafing CH species -to occur and produce acetylene.

-13- o



B. Analysié of the Reaction Model

The surfacé-concentration of adsorbed hydrogen‘atomsvis‘
denoted byvh(t) and tﬁe concentration of this speciés in the
bulk solid by C(x,t), where x is the distance in thejpenetration
depth normal to the surface and t is the time;' The bulk
concentration‘of hydrogeh jusf beneath the surface is assumed
tb be related to the concentration of.adsorbed hydrogen by the

Solubility coefficient_H:.

| C(0,t) = Hn(t) | | . (2)
TheAdiffusion.equation for hydrogeh.in tHe bulk is: . .
oC 3°C :
t © 89X '

Of the tﬁq boundary éohditidns'needed to solve Eq. (3), onevi§_;
obtéined f;om the ;ssﬁmpfion of a Semifinfinife.mediqﬁ: |
C(»,t) = finite | N 5
| The‘second boundary condition is obtained‘from a mass balance..
on Surféce hydrégen. USihg Eq.(Zj'to eliminate n(t)‘ffom thié

balance yields:,

| | S, R
1 dC(0,t) _ Y 918 2, y[C(O,t)] (C(O,t)]
Bt - "Mog(t) - 20k + Kpkg)=mgims - Ik =05
aC -~
+ p|3€ 5
) (5)

.Here 16 is the beam intensity (dc) and g(t).is,the gating functiqn

of»the:béam chopper, which is the fraction of the maximum (&c) beam
flux passed by the chopﬁer at time t. vThe first term on the right

hand side of Eq. (5) represents the rate of adsorption of H atoms

per unit surface area from the primary beam. The second term is

-14-
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duehto the loss of hydrogen by the combined effects of recombination
and acetylene'formation. The third term represents methane production.
In forming the hydrocarbon'prodnction terms in.the mass balance,  the
concentration of surfacevCH‘is equal to Kin andhthat of CH, is given
by'KlenZ. Thellast term on the right hand side of Eq. (5) represents
diffusion intotand out of the bulk solid. In .deriving Eq. (5), we
have made the assumption that the surface concentration of H is much
greater than that of CH or CHZQ

Equation (5) clearly displays the nonlinearity of the
proposed mechanism.. The conventional way to treat nonlinear
probiems of this sort is first to solve the equations in the time
domain (whlch usually requ1res numer1ca1 solution except in a few:
51mp1e cases, of which the present mechanism is not one) and then_’
to Fourier analyze the product flux waveform for the phase and

(10, 11) To avoid this 1aborious

| amplltude of the fundamental node
procedure, we use the- approx1mate treatment of nonlinear problems
outlined in ref. (12).‘ In this work, it was determined that
application of the approximate method to the pure third order
desorption problen (i.e., Eq.(5) with'the second order and
diffusion terms omitted) produces amplitudes which are within 6%
vof those computed from the exact solution and phase lags which are
accurate to W1th1n 4°. Because the present problem includes
flrst and second order processes in addltlon to the third order
step, the accuracycof the predicted phase 1ags and reactlon
prOhabilities from‘the apprOximatevmethod will be higher than in

the case of pure th1rd order reactlon The accuracy is certalnly

within the precision of the data, SO that we have no reservatlons

-15-



about exploiting.the'simpler approxiﬁate-méthod. Follahing to
the procedure descfibed in ref. (12), the beam gating function
is written as: | | .

g(t) = F[1 + ge®"] o (6)
where w is the modulation frequehcy in radians/éec; and the
concentratiqn C(x,t) is'expandgd in thé abbréﬁiated Fourier
series: | | | -

C(x,t) = Co'+ Cl(x)veiwt , o o | (7)

Substituting Eq. (7) intoiEq.'(S)'and solving the resulting

ordiﬁary differential equation for Cl(x) yields:
| o | ie B2 o o

Cl(x) = Cl(O) exp[ —(—ﬁ-) x]_ _ - (8)
where Eq.(4) has been used to elimiﬁaté the exponéntial solution
with the positive_érgument;. The unkndwh quantity fl(O) is
determined by subsfituting Eqs.  (6)-(8) ihto Eq. (5). The
coefficients of the zeroth and first powers of exp(iwt) in the
resulting algebraic equation are collected and'equated'indépend-
entiy to zero. This procedUre'deterﬁineé Co'andlﬁl(d) by the |

equations:

e\ . c \2 | .
4K1K2k3(ﬁg) + 2(k§ + K k,) (H_°) = ni /2 (9)
v nl g.,H/2

. v — 177
i + 12K1K2k3(_co/n)2 + 40K + Kikz)(CO/H). + (iwH?D)1/

The rate per unit area of product emission is K-lKZan3 for
methane and Kikzn2 for_acetylene. These product desorption rates
are referenced to the flux of hydrogen atoms impinging on the

=16~

(10) -



target, which is Iog(t). Expressing n in terms of C(0,t) by
Eq. (2) and using Eqs. (6) and (7) for g(t) and C(0,t),

reSpectively, the reaction product vectors are:

' 2
ecH4exP(‘i‘PCH4)'= 6K1K§kZC;§;F0) | (11)
v : 0°1
for methane, and: _
- _ | .4ka2coﬁlto)' |
FCZHzexp(-1¢C2HZ) f P :(12)

| of1"
for acetylene. 4

" The 6ompiete_solutioh to fhe probiem méy be obtained by
substituting Eq.(10) into Egs. (11) and (12), converting the
compléx number in the denominatqf’of Eq. (10jrfo polar form
and identifying the phase lag ¢ and appafent‘feaction probability
e for eéch pfoduct.> However, because of the widely separated
_temperatﬁfe regions in which the two products are found, the
solutipn for methane may be obtained by neglecting K%k2 compared
“to k; in Bq;'(lb). ¢CH4 and €ch are then fouﬁd to be:

4
2 1/2 1/2
w + (H°D/2) W

¢ @7 o agem ¢ 1K cm? a3

tan¢CH

. 2 . . .
oL 3K1K2k3 n(CO/H) Sln¢CH4‘
CH, w + (Bép/2)1/% W72

where (CO/H) is ‘given by solution of Eq. (9) with K%k2 neglected.

(14)

“Similarly, in the high temperaturé regioh'where aceytlene .
dominates and methane is negligible, Klek3 is set equal to zero

in Eqs. (9) and (10) and Eq..(lZ)'yields:”
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w + (HZD/Z)I/.2 wl/z..'» _ (15)'

- tané¢ = - ‘
CMz w2yt /% WM e [ s kik 1 0/t
2 M7 172
Klk I0 51n¢C2H2 A » | | o
ec H. o - (16)

M2 ik, kP [(H.D/Z)l/z_m /2 4 0]

C. Determination of the Constants in the Kinetic Model

- The analysis presented in the precéding sectionvresuits

in prédicted vaiﬁes of ¢*and.e as functions of the experimental
variables T 9 Io‘and w. The model contains 5 explicit parameters
n, HDl/2 1I( k Kik2 and.kz. The last four of these are
temperatUre.dependent; ahd-if;Arrhenius behavior is aSSumed, ea#h-
is éhafacferizéd.by é phe?eXponential factor and ah activation
energy. Thus, 9 conStahts for éach'graphite Surface orientation:
must be extracted from the data in Figs. 5-13.; Note that there
is no way in whiéh'thé individual thermodynémié-parémeters (H’vKl;
and Kz) or kinetic parameters (D, kz and'ks) can be determined.

Fortunately, the'fitting proéesé ﬁay'be approached piecemeal'
so that only a feW’constants ﬁeed be considered at one time. The
proCeduré is as folloQS'
1) -At the lowest temperature (T % 500° K),.where the apparent
reactlon probab111t1es level off (Fig. S), recombination is
neg11g1b1e compared to,methane productioa. Here, the methéne’
data can bé analyzed by'use_of Eqs. (13) and (14) with ke set eéual
.to zero in conjunction with Eq. (9) in which both k2 and K%k2 are

neglécted. HDl/2 and K1K2k3 at 500°K are determined by fitting
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the ¢CH data in Fig. 7 to Eq. (13).' Along with this process, the
4 - o
"~ data in Fig. 8 are utilized to determine the sticking:

®CH, _ |
probability.  As a result of this-procedure, we find the H atom
vsticking.probability'bn graphite.td be 0.02 and 0.006 for the
prism and basai’piané oriehtatibng;'respectivelyf These nﬁmberé
agree very faﬁorably Qith the results-of Beitel(ls). The lines
marked ”theory“ ianigs. 7 and 8 represent application of

| Eqs.(lS) and.(14) with’thé parameters"determined in the manner
just described.

2) Aﬁvindepéndent check on the model and- the parameters
determined'in step 1 ié afforded by the beam intensity effect
on the'methane:data. Theliines'markéd’"theory” in Figs. 11 and
12_ére piots of EQs.f(lSj aﬁd (14); fNQ'adjusfable parameters
are avéilable in thisicomparison;v The'good agreement'shown on
the graphs indicafes'that the modeling ﬁroceSs is-satiéfactory
up to this stage. |

3)': The Arrhenius parameteré of Kleksland kg are obtained by
fitting EqS. (13)-aﬁd (14) (with kg retained therein) to the
data in Figs. 5 and 6. In this fitting process; the temperature
variation ovaDl/2 over fhe rénge 400<Ts<800°K is neglected.

The resulting data-fitting curves are marked ﬁtheory"'in the
methane regions of Figs. S;and p..'At'thisfpoint, 5 of the 9
constahts have been.determined and the'vaiué_of'HDI/2 at 500°K
is knoﬁn.

4) Eq.(15) is fitted to the acetylene ffeqﬁency scan data in
Fig. 9 in ordef to defermihe HDl/zland Kik2 at the single :
temperature for which these data were.obtained'(about 2000°K,
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depending on the crystai orientation). The constants avilable
up to here are sufficient td,prédict the resuits-of the
experiménts'reported in Figs. 10, 13 and 14. Absolute.agreément
of the theory 1ines'with the measurement is‘ekcellent (again, no
adjustable parameters are available)_so‘we céntinue to the final
step. ‘ | _ | :

5) The Arrhenius parameters which determine the tehperature -
dependenéevof K%ké are obtained'By fittinngqs.-(ls) and (16) to
the acetylene data in ‘Figs. Sbénd 6.

"Thé kinetic paraméféTsi6ffthe proposéd mechanism are
summérized in.Téble 2 and preséhted grap@icaliy ih Fig; 18. The
) agreemeht:betWeenvthe prbposea ﬁbdélltan&vthe measured values
of the.constantévpf'its elementéry'stéps) and the déta thained
by the modulated molécular beam technique is‘féry good.

Using these rate constants, Eq. (9) may bé’utilized to
calculaté the average (dc) concentration of adsorbed hydrogen'
on the surface (i.e.,_Co/H)_as a function of temperatufe..”At
the highest beam intensity used in the experiments, the average

11 atoms/H~cm2. 'Since.

the-denSity of surface carbon atoms is m1015 cm'z, the coverage

- surface concentration is less than 3x10
is 1less than ~0.1%, which justifies a postiori the neglectgbf\

coverage dependence of the sticking probability. The valdes of

'n giVen in Tablé'Z therefore refer to the bare graphite surfaces.
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V. DISCUSSION

A. The ReactionvMechanismw

The reaction.model-shOWn in Table 1 requires substantial
mobility of hydrogen atoms on the graphite-surface at all
temperatures. In addition,‘the aeetylene formétion reaction
implies’surface-mobility of the CH species'at temperaturesdabove
1000°K. | |

- The hydrogen atom stlcklng probability is ~3 times larger
'on the prism plane. than on the ‘basal plane, whlch is in accord
with the commonly observed react1v1ty=d1fference between these
two.suffecevorientations. ‘Table 2 shows that the rate constents_
for the two'faceS'haveicomparable‘activation energies but that
the pre- exponential factors for the prism plane reactlons are
llarger than those on the basal plane

The finding that ‘H atom addition to CHZ-ls'the slow step
'in‘methane production may reflect rearrangement of the carbon |
bonding orbitals from the non-hybridized type in CH, to the
fully hybridized.type in the surface methyl radical. None of
the free radicals CH, CHZ’ or CH3 were found to be emitted from
the surface.' Apparently carbon hydrogen compounds are strongly
bound to the graphite surface until a stable gas phase hydrocarbon
is formed. These then leave the surface immediately.
| .Coﬂtréry to the graphlte oxygen reactlon, the temperature
dependence of the graph1te hydrogen product distribution shown in
Fig. 5 appears to oonform fairly well with Stickney' sa') quasi-

equilibrium model of surface reactions.
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B.  Hydrogen Diffusion in ‘Graphite

The fact that both the thick and thin basal plane targets
are satisfactoriiyimddeled as semi-infinite_media in the
molecular beam experiment permits an upper bound on the
diffusivity of hydrogen 1n graphlte at 2000 K to be computed
Eq. (8) represents a concentratlon wave decaylng with depth of
penetration into the solid osc111at1ng about the steady value Co
The characteristic decay constant is (D/w)l/z. _If the target
thlckness 1s more than about three decay constants, the wave is-
damped out before the concentratlon perturbatlon set up by the
modulated beam on the front face reaches the rear face of the
target. This crlterlon may be expressed quantltatlvely by:
where h is the target thickness. For h=25um and a chopping frequency
of 20 Hz(w=126 rad/sec), Eq. (17) indicates that D<1o‘"4cm2/sec} -

A similar test on.the.prism plane orientation was not N
possible because of_the difficulty'of fabricating very thin

specimens of this orientation.

C. Extrapolation to H1gh Hydrogen Pressuresf

Prior to the present study, all chemical k1net1c 1nvest1gat10ns
of the carbon hydrogen system have utlllzed convent10na1 technlques
and high hydrogen pressures. We have attempted to ascertain
whether the reaction model proposed here is consistent with these
data. To do this, we use the model and its numerical rate'-
constants to predict the_;arbon gasification rate in 1 atm of
hydrogen. This pressure is in the middle of the range of pressures
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tested in previous=conVentionalhkinetic.studies._ Because of the
| high Hz pressure, even a small H, sticking probability may
contribute'significant amounts-of'atomic hydrogen to the
adSOrbed layer'on thevSUrface The convent10na1 experlments are
conducted at steady state, so that bulk solutlon diffusion is-
absent (the solid is saturated with hydrogen during the
experiments). The'steady State form Of»Eq.:(SJ; with the snpply
term supplemented with a contrlbutlon due to dissociative
adsorptlon of H2 and the diffusion term omltted ~is rewritten in
terms of the-surface.concentration of hydrogen:
_ 2 n'pH' )

2 . e 2 2 2
= 2k + 2K%k.,n“ + 4K.K.k.n
1/7' (an kT)le 1 2 l 2 3

H, | ' | (18)

an
(an kT)

3

where‘n'.is-the'stiching probahility'of molecuiar hydrogen and
my and mH2 are the masses of the hydrogen atom and molecule
respectively Assumlng that gas phase dlssoc1at10n of hydrogen
is in equ111br1um according to the reactlon 1/2H (g) = H(g), the

partial pressure of atomic hydrogen is glven by:

pH=K(pH)”2 | I (19

where Kp is the equilibrium constant for hydrogen dissociation.
~ Assuming the reaction surface to be eQualiy divided between basal
and prlsm plane or1entat10ns, the rate constants on the rlght hand
side of Eq. (18) are taken to be the averages of those given in
Table 2 for the two surfaces. The atomic hydrogen sticking
:probability'is also taken to be the average of the values

_determined for the basal and prism planes. Assuming a value of n'
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~and setting pH '="1 atm, Eq. (18) is solved for n and the carbon
S . 2 ,
removal rate is computed from:

‘rate = ZKikzn2 + KlKstn , carbon atoms/cmz-sec - (20)

In order to compare the model predictions with past data, the
apparent firsf order’rate.constént isvcalculated by equating

the right hand sides of Eqs. (1) and (20). The model bfedictions
»afe compared to the conventional kinetic data in Fig. 19. The
relevant information:fbrvthe'déta on thiS'gréph is summafizéd'
in Table 3 and additional details are available in ref. (5).
Although it would not be difficult to find a curve which passed
somewhere through the very scattered data on tﬁe graph, the
theoretica1 ¢urve for n' = 0 fits the best. The' significance

of the Comparison shoWn_in Fig. 19 is twofqld. First, the model
determined by the 1ovaressﬁre (5)(10'4 torr) molecular beam
expériment usingvatomic hydrogen as reactant can be -extrapolated-
to predict gasification rates at HZ pressures which are six |
ordérs of magnitude largef without any adjustments of the model.
Second, the fact that n'VF 0 is adequate to fit the older dafa

substantiates the model proposed by Clarke and Fox(1°)

, who
attributed all reaction to the dissociated fraction of_the.
reactant hydrogen gas.

In most reaction systems, extrapolatlon of a reactlon
kmodel determined by low pressure molecular beam methods by six
orders of magnitude in reactant gas préssufe would be unsuccessful

because the low pressure model would not be able to forsee

coverage effects which become important at high pressures. However,.
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because of the very low sticking probability of molecular
hydrogen, the H atbm coverages of the surface‘éalculatéd by

: Eqé. (18) and (19) for pHZ = 1 atm are found to be of the same
order of magnltude as those in the molecular beam experiment,
namely <0.1 of a monolayer | This aspect‘of the theory,
although it confirms the applicébility'ofvthé'model af high

H2 pressures, conflicts with other adsorption studies of hydrogen
on graphite(16’17). These studies found signifigant_hydrogen
adsbrption.on isotropic graphite at pressureé less than 1 afcm.H2
uﬁ to temperatures as high as 1500°C; However, -it is difficult
to distinguish adsorption from absorption in convehtional
’eXperimehts. In éddition; the hydrogen adsorbtion experiments
were performed;on a porous graphite while the mechanism deduced
in this study is baséd upoh‘high density pyrolytic graphite.

The interna1 porosity of'ordinary graphite may contribute
appreciablefsurface afea not detectable by the BET method of -
determining specific surface areas of powdered specimens. In
'any_case, the high temperature regionvof Fig. 19'is.free from
coVérage complications and the agreement between the model

proposed and the conventional kinetic data is adequate.

D. Comparison with the Results of Wood and Wise

_ Wood and Wiée(ls)_invéétigéted the reaction of atomic
hydfogen pfbduced by a microwave dischafge with isotropic
graphite. The results agfee with ours and with Rosner's(g)'in
- showing émarked.decrease in the methane production at temperatures

above ~800°K. Their explanation for this effect, that recombination
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ofjsurface hydrogen to form Hz begiﬁs to dominafe CH4 formation

in this‘temperatﬁre‘region, is also similar to ours. However,

the reaction probabilities computed from their data are about

two ofders of magnitude larger thaﬁ those repdfted by Rosnercg)'and

found in the present study; The mechanism Wood and Wise proposed -
Visualizes_thevprism plane surface to be fully saturated with hydrogen at
all times. The most exposed carbon atoms on the surface bind

two H atoms, the next layer binds‘one, and ail subsequent"layers

are not'attachéd tdrhydrogen atoms. Theif méchanism can be

written as:

sticking of H: - -C-CH-CH, + }i(g)-———-»c;CH-CH3 , )
) ' , ‘ N , k o :
recombination:  -C-CH-CH; + -C-CH-CHy—2)-C-CH-CH,
| . i 8)

4+ -C-CH-CH, + H,(g)
: methane productidn: -C-CH-CH; + Hz(g)———a-C—CH2L+ CH4(g) (C)
surface reséturation:'ic-CH2 + H -2355—9 —CH-CH2 | (D)

In reaétion (A), éﬁ-impinging_H atom strikesAthe'surface
- and is adsorbed by a surface CH2 group to form the CH3 complex
shown on the right hand side. Recombination is effeéted by
removal of H, from’adjacent CH complexeé, as shown in reaction
(B). Alternatively, Wood and Wise prdpose that an impinging HZ
molécule can strike the CH3 complek and remove methéne (reaction
-(C)). The hydrogenfsaturéted surface is réstored.by rapid -
‘hydrogen adsorption (reaction (D)). Assuming thaf the surface
CH; complex concentration is maintainedbby a baiance of reactions
(A) and (B)(i.e., thét reaction (C) is a negligible drain on the

~26—




i
Ui

C 0 ;ﬁ. 3 4 4 J Q §

CH3 complex population) and using this concentration. in the
methane forming step (reaction (C)),. the steady state rate of

 methane production is given by:

/2 | ‘
Ren, = ¥Pu Py o I €25

: : _ { o v . .
where the rate constant k is a .composite of the elementary

kinetic-constants of-reactions (A-C).

| We -have attempted to fit eur data on methane formation to
the model proposed by Wood and Wise._yéince the'surface is
always saturated with hydrogen 1n'this-mechaniam, there is a-
fixedvdensity‘Ns'of CH2 gfoups'capable'of a;cepting an H atom
to.form the CH3 complex Foilowing the Wood-Wise analysis,"
the fraction 6 of the avallable CH2 sites which eontain an
- extra H atom (i. e., wh1ch are CH3 complexes) is~ assumed to be
very much less than unlty. The sticking probab111ty n now refers
 to the probab111ty that an impinging H atom strlkes a CH2 group
and converts it to a CH3 complex Slmllarly, and H2 molecule
1mp1ng1ng upon a CH3 compiex has a probab111ty n of converting
it to methane. The time dependent surface mass ‘balance on the
CHS complek is:

N 90 1 o) - 2k.62 - n'IY ee(t) (22)
s dt o 27 o e\’

- where k, is the rate_eonstant for reconstitﬁtion of H, from
adjacentjCHS-eomplexes and I' isvthe flux of molecular hydrogen
~in the primary beam. FolloW1ng Wood and Wlse, the last term on
thexrightfhand_sdde of Eq. (22) is assumed to. be negligible
compared to the recbmbinatlon terms (although with a measured |

reaction probability of ~0.1, this does not appear to be a very
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sound simplificatibn). The resulting_equaéion can be solved by
substitution of Eq. f6j for the gating function and: ,

8(t) = 6, + 8, elot (23)
for the CH3 complex coverage. Following the method outlined
earlier in thiS'péper, we solve for 8, and 51.' The fundamental
@ode of the rate of methane formation ﬁer unit area is given
by the last term on the right hand side of Eq. (22) with g(t)
and 6(t) replaced by Edg. (6) aﬁd (23), respectively. This
rate isvrefefred to the fundamental mode of the rate of H atom
Aimﬁingemént, % Iégl; in order to produce the reaction product
vector. Upon converting to polar form, thé methane phase lag‘

and apparent-reaction probability predicted byithe model of Wood

and Wise are given by:

| s | |
tand = (24)
CUUTCHy 3y g8l '
o . \1/2 o
n'1 nl
__3 o o F(S) (25)
€ ={-—| n|
CHy (2/2) ( "o )(7]‘2) o
where: | - , 1/2
(1 + 13 52 + 4 54)
F(s) = —2 3 (26)
1+ S8
and
mNS (27)
S = 7
1/2 _
Z(nlokz)
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In the dc 1limits (S = 0, F(0) =1), Eq.(25) reduces to Eq.(2l)
(excépt for the numerical factor‘3/2]5-= 1.06 which is the error
~introduced info the analysis by using the approximate method of
solving Eq;(ZZ)).V . |

| Eqs.(24) and (25) are the analogs of Eqs;(13) and (14) for
the model of Wood and Wise. That this model ddes not fit our
experiments can be seen mbst easily from the methane phase data.
Eq. (24) predicts.that the léfgest phase lag should be 11.5°,
whereas the phasé lags in Figs. 6, 7, and 11 are all larger than
_ this yalue. |

In fequiring<the_methane fqrmation step to be accompliéhed

by molecular hydfogen (reaction (C)), the model of Wood and Wise
implies that methane formation would not occur in a gas containing
only atomicvhydrogen. This intuitively unacceptable aspect of
the model may be rémediedvby allowing aiomic hydrogen to perform
 the éame function as does.H2 in reaction (C). 'The only change
in.the theoretical results 1is replaCement of Ié by Io in Eq.(25).
No better agreement between the present data and the model of Wood

and Wise is obtained by this alteration.
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CH, (ads) + H (ads) _1‘_3_—cH3 (ads)

Table1 H _atbm-Gr'aphite Reaction Model-

H(g)

H (ads)

H (ads) + H (ads)
H (ads) + C =

[

1+ H (ads) Sticking
H (Sol'n) Bulk solution-diffusion
—<t _ _w Ho(g) . ,Recombin_ation
& — CH (éds) R Survface-ve-q.ui'l‘i-brium

(a)

(b)

CH (ads) + H (ads)

CH, (ads)

CH (ads) + H (ads) —23Le CH, (g)

-

Methan;Branch

(Low temperature)

x!

CH (ads) + CH (ads) —<2.Cy H2 (g)

" Acetylene Branch

~ (High temperature)
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Table 3

Hydrogen

SUMMARY OF KINETIC STUDIES ON THE HYDROGEN-CARBON SYSTEM

. Activation ’ .
Temperatuge pressure - Form of Specimen ' Order of’ energy Mode of
) range (°C) " Range Carbon - Geometry Reaction - {kcal/mole) Analysis
fa) C. W. Ziclke, E. Gorin, Ind. 820-930 10-30 atm "disco" packed bed; 1-1.5 23 at 30 atm Weight. .
' and Eng. Chem. 47, .;,820 (1955) - _char 2cm high, "and 0% gasifi- " loss
S ’ 3cm diam. cation; 10-15
’ after 0-60%
gasification
(b)  J. D. blackwood, Aust. J. Chem. 650~870 1-40 atm " coconut- packed bed; =1.0 .41 at 30 -atm Analysis for
15, 397 -(1962) i ' shell char 10cm high : cH,
(c) P. G. Saléado; Ph.D. Dissertation, 1000-1400 1 atm . nuclear grade Rectangular =1.0 30 Weight
- West Virginia Univ. (1958) ) ’ graphite block loss
{d) N. S. Corney, R. B. Thomas, 560~800 400-800 nuclear grade Tﬁbe: zdcm- =1,0 65, at 600- Analysis for
AERE-C/R-25Q2, (1958) - torr graphite long, lem id, 800?C; 10 CH,, gas 2
S ' 0.5cm thick at lower temp. chromatography =
© {<600° C) -
{¢) R. G. Breckenridge, J. C. Bowman, 1895-2370 5 torr .nuclear grade Filament 2i0 at 2136~ Analysis for :
- in R.- Lowrie, USAEC Rept.NP-10401, : graphite : 3276°C; 74 at C,H and C H, L
Semi-Annual Progress Report, 1895-2000°C
Union Carbide, Tarrytown, N.Y., for C,H,
(1961)" '
(£}  R. Lowrie, USAEC Rept. NP-11311, 2300-2370 4-12 torr 'Various grades Cylinder, - =1.0 for Weight
" Scmi-Annual Progress Report, for pressure- of graphite ) carbon loss less; -
Union Carbide, Terrytown, N.Y., dependence . : =1.0 for Analysis for
Parma, Ohio, July l-Dec. 31, 1961 expt., =1 atm C2H8 propanae.
. . S : ’ for corrosion
rate cxpt.
{y) D. . Mucmillan, Nucleonics, lg,‘ Up to Commercial 31, T>2200°Q
: 85 (1961) : i 2600 graphite 10, T<2200°C
(h) ‘E. A. ._ulbransen, K; F. Kndrews, 1200-1650 10-38 torr - Spectro- Cylinder; 72 Wetght
F. A. Brassart, J. Electrochem. scopie 0.5c¢m high, loss and
Soc. 112, 49, -(1965) graphite 0.3cm diam. mass spuctro-
: metric analysk
of gascs.
(i) K. Hedden, in Proc. .Conf. on '\ 1000-1250 10-100 atm Spectro~ Packed bed; 1.0 85 Gau
Carbon, The HMacmillan Co., . ' scopic Scm high, analysis
pp.125-131, NY (1962) carbon. 2cm diam.
(j) J. T. Clarke, B. R. Fox,' - 1700-3100 0.01-1.0 graphite Filaments, 1.0 S1 N
J,. Chem. Phys. 46, 827 (1969) atm 0.2 and )
0.5mm diam.
(k} J. W. H. Chi, C. E. Landahl, 1500~-2500. 11-56 atm Pyrographite Flat-plate 1.0 47 (CHy) Weiqght
Nucl. Appl., 4, 159 (196é8) : coupons lous

‘86~(C2H2)
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TABLE 2

KINETIC CONSTANTS FOR THE HYDROGEN-GRAPHITE REACTION
Rate Constant ’ RS - o :
Process _ (units) Prism Plane* Basal Plane®
ticking of H : o n B ’ 0.02 0.006
Recombination (H,) ke(cmz/atéms?sec) 1.06x10_2exp[- 15.9 1.30x10'4[- 8.5 ]
2 2t - RTg : RTg
CH4 Production Kleks(cm4/atomsz-sec) 1.27X10:186xp[- %%g 1 2.17x10'21§xp[ %%% ]
-1/2 6 9.6 - 4 5.4
H/D (sec ) 2.70x10 exp[- 7+ ] 3.85x10 exp[- 5+ ]
32.5 1.82x10 Sexp [- 252
S

Bulk Solution-Diffusion
sz (cmZ/atoms-sec) 1.59%exp{-
2 e RTg

CZHZ Production

in °K x 10°

*Activation energies in kcal/mole,lsurface temperature
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10.
11.

12.

13.
14.

15.
16.

FIGURE CAPTIONS

Schematic of the modulated molecular beam-mass spectrometer
method for investigating the graphite- hydrogen reactlon

Deta11 of the atomic hydrogen source.

Comparlson of the performance of the hydrogen source with
equilibrium theory. py is the partial pressure of atomic
hydrogen in the oven and pr i5 the total hydrogen pressure
in the oven. is the equilibrium constant for the
reaction: l/ZHZ%g = H(g).

Scanning electron micrographs of graphite sample. (a) basal
plane after polishing, x10,000; (b) prism plane after.
polishing, x3000; (c) basal plane after reaction, x10,000;
(d) prism plane after heating/reaction, x3000.

Temperature dependence of the apparent reaction probabilities
for methane and acetylene. Triangles and circles represent
duplicate runs.

Temperature dependence of the reaction phase lag for methane
and acetylene Triangles and circles represent duplicate
runs. :

Phase-frequency scan at low temperature for methane.
Triangles and circles represent duplicate runs.

Variation of methane reaction probability with frequency.
Triangles and c1rcles represent dupl1cate TUuns.

Phase- frequency scan for acetylene at hlgh temperature
Variation of acetylene reaction probab1l1ty with frequency.
Variation of methane phase lag with beam intensity. The |
different symbols for the prism plane represent repl1cat1ng
TUuns. :

Variation of methane reaction proability'with beam intensity.
The different symbols for the prism plane represent
replicating runs.

Variation of acetylene phase lag with beam intensity.

Variation of acetylene reaction probability with beam
intensity. SR

Effect of target thickness on the acetylene phase lag.

Effect of target thickness on the acetylene reactlon
probablllty
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17.
18.
19.

Hysteresis in the methane reaction probébility.
Kinetic constants for the hydrogen-graphite reaction.

High preséufe kinetics of the carbon-hydrogen reaction.
Dashed lines: extrapolation of molecular beam data to
Py = 1 atm for various Hp sticking probabilities;

sofid lines and points: data from investigations described

: in Table 3.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately
owned rights.
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